The effect of light intensity on activity was investigated in a study of captive leaf-eared mice, Phyllotis xanthopygus. This nocturnal mouse lives in rocky outcrops but forages in open areas with little vegetative cover. Primary predators are raptors and canids, all of which are expected to have increased hunting success under higher levels of moonlight. Because of this correlation between light intensity and predation risk, we predicted that increased light intensity during the dark period would result in decreased nocturnal activity. Data were collected continuously for 3 days under varying light intensities and were analyzed using cosinor analysis to estimate parameters describing the activity rhythm (mesor, amplitude, and acrophase). Number of diurnal activity bouts increased after exposure to light intensities similar to full moonlight (3.0 lux). Total activity of mice in middle (1.5 lux) and high (3.0 lux) light treatments was depressed as evinced by significantly lower mesor and amplitude estimates compared with those of mice in control conditions (0.0 lux). The acrophase also was significantly different between the control and the 2 treatment groups.
Risk of predation influences the timing and amount of animal activity (e.g., Daan 1981; Lima and Dill 1990; Vásquez 1994) . Although predation is a selective force shaping patterns of animal activity, proximate factors influencing activity are interactions between endogenously generated rhythms and abiotic and biotic environmental factors (DeCoursey 1960) . Rhythms are generated endogenously in all organisms and clearly are of adaptive value because they allow organisms to anticipate periodic changes (DeCoursey et al. 1997; Pittendrigh 1960) . Nevertheless, selection pressures should favor animals that not only can anticipate periodic changes but also can adjust to unpredictable changes in their sur-* Correspondent: kk187@umail.umd.edu roundings, which would result in the flexibility of activity rhythms observed in vertebrates (Daan 1981; Tester 1987) . Biotic factors such as social cues, aggression, and interspecific competition can influence rhythms in activity (Goel and Lee 1997; Kunz 1973; Regal and Connolly 1980) . Similarly, abiotic factors such as temperature, wind, and precipitation alter activity (O'Farrell 1974) . However, light has the strongest effect on the characteristics and coordination of rhythms. This has been demonstrated by both laboratory investigations of circadian rhythms (Pittendrigh 1960; Rusak and Zucker 1975) and field studies (O'Farrell 1974) .
Light intensity alters activity by affecting the biological clock that generates endogenous rhythms in physiologic and behavioral parameters. Endogenous rhythms in mammals are coordinated primarily by the suprachiasmatic nuclei (SCN), paired clusters of nerve cells in the hypothalamus (Turek 1985) . Light intensity acts indirectly on the nervous system through retinal photoreceptors to alter endogenous rhythms and activity levels. The ability to modify the expression of endogenous activity rhythms should be of adaptive value. For nocturnal animals, risk of predation is expected to be greatest on full-moon nights because of better visual acuity of predators at higher light intensities (Clarke 1983; Dice 1945) . Because of the correlation between light intensity and risk of predation, light intensity at night is expected to affect activity patterns of nocturnal prey species. Selection should favor nocturnal animals that decrease activity under light intensities that favor predatory success.
The activity component of this prediction was investigated using Patagonian leafeared mice (Phyllotis xanthopygus, Waterhouse). These saxicolous mice depend on rocky outcrops for shelter (Jaksic and Simonetti 1987; Kim et al. 1998 ) but forage for seeds, forbs, and insects primarily in open areas (Pizzimenti and de Salle 1980) . The major predators of this nocturnal murid are raptors, including barn owls (Tyto alba), great horned owls (Bubo virginianus), and burrowing owls (Athene cunicularia), and foxes of the genus Lycalopex (Jaksic et al. 1992) . In related studies, we have shown that this widespread species is much more dependent on presence of rocks than on local vegetation or other aspects of the landscape types that it inhabits (Monjeau et al. 1997) . Genetic data suggest that the species has a high dispersal capacity (Kim 1998; Kim et al. 1998) , which is supported by field observations of the presence of small but genetically diverse populations occupying even the smallest and seemingly most isolated patches of rocky habitat. Dispersal across relatively open habitat matrix between suitable habitat patches must be high-risk behavior, especially on moonlit nights-hence our interest in the influence of light intensity on the activity of this species. Few observations of the behavior of this species have been published (Kramer et al. 1999) .
The visual acuity of T. alba and other raptors decreases rapidly as light intensity decreases (Dice 1945; Fox et al. 1976) . Light intensities in the field often fall below those necessary for owls to locate prey visually (Dice 1945) . Despite the fact that raptors also use sound to locate prey, hunting success still appears to be largely dependent on sight. In a laboratory study of short-eared owls (Asio flammeus) and deer mice (Peromyscus maniculatus), Clarke (1983) demonstrated that as light intensity decreased to levels similar to starlight only (0.5 lux), hunting success decreased and search and capture time increased. Given the increased hunting success of predators under full moonlight compared with only starlight, nocturnal rodents, including P. xanthopygus, are expected to experience greater predation under higher light intensities.
We report on a study designed to test the effect of light intensity alone on activity rhythms of a nocturnal, saxicolous rodent that inhabits the semideserts of Patagonia. Nocturnal activity was expected to decrease with increased light intensity during the dark period. Furthermore, we expected that reduction in nocturnal activity would not be compensated for by increased activity during the day because all accounts of this rodent suggest that it is strictly nocturnal.
MATERIALS AND METHODS
The Patagonian leaf-eared mice used in this study were trapped at Arroyo La Fragua, Río Negro Province, Argentina (41Њ05.11ЈS, 70Њ57.26ЈW), and shipped to the University of Minnesota. Although length of daylight was decreasing in Argentina at the time of capture, the mice were maintained under a reversed 16L:8D cycle from the time of their arrival in the laboratory until the completion of the study (University of Minnesota Animal Care and Use Protocol #9502021). None of the animals showed evidence of reproductive activity during the study.
Animals were maintained individually in polycarbonate rat cages (24 by 48 by 20 cm) with sawdust bedding. Purina rat chow and water were provided ad lib. Mice were provided with shelters made from clay gardening pots (10-cm diameter) inverted and cracked to provide an entrance. Shelters were provided because the absence of a dark refuge has been shown to alter activity and feeding patterns of some species of rodents (Rusak and Zucker 1975) . Under natural conditions, Phyllotis forages in the open and retreats to rock outcrops under threat of predation and during daylight. Thus, provision of a shelter simulated natural conditions and is probably a key feature for activity studies of this species.
Light intensity experiments.-Three treatments were chosen to test for effects of nocturnal light intensity on activity of the mice: 0.0 lux (control), 1.5 lux, and 3.0 lux. Light intensity of 3.0 lux roughly corresponded to that measured in the field on full-moon nights (Vásquez 1994) and has been used by other researchers in similar studies to simulate full moonlight (Clarke 1983; Longland and Price 1991) . To maximize sample size for each treatment group, each animal experienced all treatments during the experiment. Two precautions were taken to control for possible carryover effects. First, each of the 24 mice (12 males, 12 females) was assigned randomly to 1 of 6 possible sequences of treatments. Activity data obtained for each of the 24 mice under each of the 3 light intensities could be pooled without confounding error from the previous treatment. Second, mice were placed under standard light conditions (reversed 16L:8D with no light during the 8-h dark span) for 10 days between each treatment to reacclimate them to control conditions. Carryover effects from previous treatments were tested for by comparing activity rhythms during the last 3 days of the 10-day acclimation period between successive treatments using single-factor analysis of variance (ANOVA).
Each cage was placed in a light-proof enclosure (measuring 60 cm on each side) that consisted of a wood frame covered with 2 layers of black canvas. The sides and backs of the enclosures also were covered with insulation to minimize the effect of sound cues from conspecifics.
That allowed us to test 12 mice simultaneously in 1 room.
Light treatments of 1.5 or 3.0 lux were applied during the 8-h dark span of the light cycle using night-lights with 4-or 7-watt incandescent bulbs, respectively, placed inside the enclosure about 40 cm above the cage. A Li-Cor light meter (model LI-189, Li-Cor Inc., Lincoln, Nebraska) was used to verify that enclosures were light-tight and to set light intensities at 1.5 and 3.0 lux.
Activity of each mouse was quantified using infrared motion sensors positioned about 40 cm above each cage. Motion sensors were wired to a computer as described by Kramer (1998) , and data were collected using the data acquisition program Dataquest (Data Sciences International, St. Paul, Minnesota). Sensors were set to maximum sensitivity and were positioned such that activity in the cage would be detected only when movement occurred outside the shelter because we were interested in quantifying only that activity that would correspond to high-risk field behaviors, such as foraging and dispersal. Virtually all incidental activities, such as grooming or repositioning during sleep, took place in the shelters.
Light treatments were applied for 3 consecutive nights. Application of light treatments for 3 nights likely resulted in conditions similar to those encountered in the field during some periods of the lunar cycle because prolonged cloud cover is uncommon in the region from which the mice were obtained. After each experimental period, fronts and tops of the enclosures were opened, and animals were maintained on the reversed 16L:8D as noted previously. Mice then were exposed to the next light treatment according to the sequence to which they had been assigned. Data were collected continuously throughout the 13-day cycle in the form of number of times the motion sensor detected movement per 5-min interval.
To verify that activity rhythms observed were endogenously generated, 6 mice (3 males, 3 females) were maintained under conditions of constant darkness (0.0 lux) with no disturbances for 8 days following the light intensity experiments. Activity was monitored continuously during this time.
Statistical methods.-Cosinor analysis, which is a least-squares regression method used to fit a harmonic series of sine functions to data rep-JOURNAL OF MAMMALOGY resenting a biological rhythm, was used to estimate parameters describing the activity rhythms (Bingham et al. 1982; Nelson et al. 1979 ). Chronolab, a computer program for time-series analysis (Mojón et al. 1992) , was used to obtain estimates for the following rhythm parameters: mesor, a rhythm-determined mean (activity counts/2 h); amplitude, the difference between the peak in the rhythm and the mesor (activity counts/2 h); and acrophase, the timing of the peak in the rhythm in reference to midnight of that day.
We assumed that the period of the rhythm was equal to 24 h because the mice were maintained in a 24-h L:D cycle. Up to 5 harmonics of a 24-h period were incorporated into the models (i.e., rhythms with periods of 24, 12, 8, 6 , and 4.8 h were fit simultaneously) that describe the activity of mice in each treatment group. Data were collected in 5-min time bins and summed into 2-h time bins so that the residual errors were independent, an important assumption of cosinor analysis. The fit of the cosinor model to the data was assessed by calculating the percent rhythm (PR).
Values for mesor, amplitude, and acrophase, which describe the activity patterns of animals in the 3 treatment groups, were calculated for the 24-h rhythm and analyzed first by performing an analysis of variance for each parameter. F-tests were performed to compare the treatment groups with the control (3.0 and 1.5 lux versus 0.0 lux) and the 2 treatment groups to each other (3.0 versus 1.5 lux).
RESULTS
Preliminary analyses.-No significant carryover effects from previous treatments were found (ANOVA, mesor, P ϭ 0.93; amplitude, P ϭ 0.90; acrophase, P ϭ 0.25). Data from all individuals under each treatment condition therefore were pooled. Before pooling data from males and females, we tested for sex differences in the activity rhythm data obtained at 0.0 lux. Males and females differed only in acrophase (Cosinor analysis, F ϭ 14.16, d.f. ϭ 1, 45, P ϭ 0.0005), which occurred about 49 min earlier for males than for females. Because males and females differed only in acrophase, differences found among treatment groups in mesor or amplitude were not confounded by sex differences.
Light intensity experiments.-Graphs of activity of individual mice under the 3 light intensities illustrated that activity decreased during the 8-h dark span and that the pattern of activity was altered (Fig. 1 ). An important manifestation was an increase in diurnal activity by individuals in the 1.5-and 3.0-lux treatment groups. Complexity of the activity rhythm also was greater for mice in those groups as compared with that of mice in the 0.0-lux group. Four harmonics of the 24-h rhythm (24, 12, 6 , and 4.8 h) were significant (average PR ϭ 80.5%, P Ͻ 0.001) in the model describing the activity of the control group (0.0 lux; Fig. 2 ). Five harmonics (24, 12, 8, 6 , and 4.8 h) were significant (P Ͻ 0.001) in the model describing the activity of the 1.5-and 3.0-lux treatment groups (average PR 1.5 lux ϭ 78.8%; PR 3.0 lux ϭ 72.1%; Fig. 2) .
Analysis of variance indicated that the activity patterns of mice in the 3 groups differed significantly in amplitude (P ϭ 0.002) and acrophase (P ϭ 0.018) but not in mesor (P ϭ 0.070; Table 1 ). For all 3 parameters (genders combined), differences between treatment and control groups were significant (mesor, F ϭ 5.169, d.f. ϭ 1, 70, P Ͻ 0.05; amplitude, F ϭ 11.448, d.f. ϭ 1, 70, P Ͻ 0.01; acrophase, F ϭ 7.612, d.f. ϭ 1, 70, P Ͻ 0.01), but in no case were differences between the 2 treatment groups found to be significant (mesor, F ϭ 0.367, d.f. ϭ 1, 46; amplitude, F ϭ 1.478, d.f. ϭ 1, 46; acrophase, F ϭ 0.948, d.f. ϭ 1, 46). F-tests comparing mesor values were appropriate, despite results of the ANOVA, because they were a priori comparisons (Sokal and Rohlf 1969) . The ANOVA comparing all 3 groups was not significant for mesor because 1 female was much more active than other mice in the 3.0-lux group (mesor of 109 compared with a mean of 27 for the treatment group). Removal of that outlier resulted in a significant difference in mesor between groups, but we did not remove her because she showed the same pattern all 3 days of the treatment. Perusal of her data profile for 0.0-and 1.5-lux conditions indicated that she behaved in a manner more typical of all mice in those groups.
Data from males and females were pooled despite the significant difference in acrophase we found between sexes. Amplitude and mesor were not affected by pooling, and the significant F-test that resulted from pooling the acrophase data, despite the increased within-group variance, was evidence that light treatments significantly affect acrophase in this species.
During the final 3 days of constant dark conditions, the period of activity rhythms deviated from 24 h (best-fit period ϭ 23.7 h). That change in period confirmed that the activity rhythm observed was generated endogenously (Aschoff 1960) . Thus, it was appropriate to interpret changes in activity patterns as light-induced changes in the expression of an endogenous rhythm.
DISCUSSION
Our results consistently indicated that the mice were significantly less active under high light intensities (Table 1) . This response was expected because a general decrease in activity under high levels of nocturnal illumination has been documented in numerous field and laboratory studies of North American, South American, and Middle Eastern rodent communities (Kaufman and Kaufman 1982; Kotler 1984a Kotler , 1984b Lockard and Owings 1974; Vásquez 1994; Wolfe and Summerlin 1989) .
A behavioral response to increased light intensity suggests to us adaptation to reliable environmental cues. It is possible that activity in the field is determined by the lunar cycle (Doucet and Bider 1969) , but most studies have indicated that the response is a direct one to light intensity (Mills et al. 1975; Rusak 1981) . Alterations in activity rhythms also might occur in response to other members of the population. For example, activity rhythms of males and females are expected to differ during the breeding season because of differences in tactics associated with such activities as mating behavior and lactation. If males that become active earlier than females obtain more matings by early detection of potential mates, this might explain the 49-min difference we observed in the acrophase of males and females. Reduced activity under field conditions also could result from better detection of predators under high light conditions (Longland and Price 1991) . However, results from rhythm studies clearly show that decreased activity can be a direct response to light intensity in the absence of predators (Aschoff 1960) . Even so, predator avoidance is a likely factor in the ultimate cause of this phenomenon. That is, the high hunting success of predators on brightly lit nights probably has been a strong selective force driving evolution of this response.
Although mice take evasive actions in response to predators, this strategy is not particularly effective under full moonlight. For example, Clarke (1983) found that the evasive strategies of deer mice (Peromyscus maniculatus) did not decrease the hunting success of short-eared owls (Asio flammeus) under light intensities similar to full moonlight. Similar studies have not been conducted with mice of the genus Phyllotis, but the ability of these mice to recognize predators and take evasive action has been demonstrated. For example, P. darwini flees in response to silhouettes of raptors (Jaksic and Simonetti 1987) . Similarly, Vásquez (1994) found, for the same species, that the number of evasive reactions to an owl model was highest under light intensities similar to full moonlight.
Nocturnal rodents that have been studied react to high illumination by decreasing food harvesting rates from open areas and increasing foraging under cover (Lockard and Owings 1974; Wolfe and Summerlin 1989) . Kotler et al. (1988) found that rates of predation by owls per unit of seed harvested by desert rodents were greater under full moonlight than under a new moon. Similarly, Longland and Price (1991) found We expected activity to decrease with increasing light intensity, a trend that we did see with respect to nocturnal activity. The control group (0.0 lux) showed 2 very distinct nocturnal peaks in activity. The 1st of those decreased substantially in the 1.5-and 3.0-lux groups, while the 2nd peak decreased slightly in amplitude. However, the increases observed in number and intensity of diurnal activity bouts in response to the 1.5-and 3.0-lux treatments (Fig. 1) were unexpected. Although diurnal activity of mice under the 1.5-lux treatment was less than for those in the 3.0-lux treatment, even a small increase in diurnal activity in response to increased nocturnal illumination would be expected to have serious consequences. For example, if this increase also occurs in wild populations, mice would be exposing themselves to predators they normally do not encounter and under light conditions they normally avoid.
We are not aware of any published observations of increased diurnal activity in nocturnal rodents in response to high nocturnal illumination. However, Daly et al. (1992) observed an increase in crepuscular activity of kangaroo rats (Dipodomys merriami) in response to full moonlight. Furthermore, they found that when crepuscular activity was relatively high, predation by diurnal predators increased and predation by nocturnal predators decreased. Changes in number and duration of activity bouts in response to increased moonlight, similar to our observations, also have been documented in a heteromyid rodent community, but data were reported only for nocturnal activity (Longland and Price 1991) . Longland and Price (1991) found that the het-eromyids they observed increased number of activity bouts under full-moon relative to new-moon conditions but that duration of the activity bouts was less. Although shifts in time of activity probably occur in species other than D. merriami, D. spectabilis, and P. xanthopygus, the tendency of investigators conducting behavioral or field studies to limit activity measurements to night (e.g., Julien-Laferrière 1997; Wolfe and Summerlin 1989) when studying nocturnal animals would preclude detection of diurnal activity.
The increase in diurnal activity that we observed probably resulted from decreased nocturnal food consumption. In a separate experiment, animals were maintained under mild food restriction and subjected to nocturnal light intensities of 3.0 or 0.0 lux. We observed that animals under 0.0-lux conditions consumed the entire food ration during the 8-h dark span, whereas those subjected to a light intensity of 3.0 lux consumed their food over 24 h. Similar changes in activity in response to low food resources have been documented in the field for bannertail kangaroo rats (Dipodomys spectabilis). Lockard (1978) found that when food resources were low, bannertail kangaroo rats not only were active under full moonlight but also showed sporadic diurnal activity.
The decrease in duration and increase in number of activity bouts we observed could also occur under natural conditions. High light conditions during the full-moon phase of the lunar cycle would continue over several consecutive nights, possibly forcing an increase in activity toward the end of the high-illumination period. An increase in the frequency of activity bouts likely would be costly in terms of energy needed to move repeatedly between foraging areas and refuges. Vásquez (1994) observed that under the light of a full moon compared with only starlight, Phyllotis darwini gathered a smaller amount of food and increased the number of trips from foraging patch to refuge. He estimated that energetic costs of locomotion on full-moon nights was 9 times those on new-moon nights. Vásquez (1994) speculated that decreased risk of predation when following this strategy must compensate for the increase in energetic requirements.
Exactly how increased activity resulting from shortened feeding bouts would reduce predation is not clear. Two costs of following such a foraging strategy are increased energetic requirements associated with increased locomotion, and if diurnal activity is increased, individuals would be faced with avoiding predation by a different suite of predators than those normally encountered during the night. If this interpretation is correct, there must be a substantial benefit to increasing number of activity bouts while decreasing duration of bouts. It suggests that risk of predation might increase at a nonlinear rate such that duration of individual activity bouts is of greater importance in avoiding predation than is cumulative duration of activity. Further experimental study, including field observations, would be necessary to test this hypothesis.
Another aspect of the role and importance of rhythms in natural populations involves the adaptive role, if any, of ultradian rhythms. For example, we observed an increase in number of significant harmonic components as light intensity increased (Fig. 2) . It is not clear whether rhythms with multiple components observed in Phyllotis resulted from physiologic needs (such as hunger), from an interaction between light intensity and neural components of the circadian system, or from some interplay between the 2. The majority of research published on biological rhythms with multiple components, particularly ultradian rhythms, focuses on human health (e.g., Schofl et al. 1997) . With a few exceptions (e.g., Halle and Stenseth 1994) , little has been done to determine what role harmonic components in biological rhythms may play in natural history and evolution of vertebrates.
